The results of an experimental study of the electroluminescent device made of ITO/CuI/2,6-di-tert.-butyl-4-(2,5-diphenyl-3,4-dihydro-2H-pyrazol-3-yl)-phenol (HPhP)/3,6-Di(9-carbazolyl)-9-(2-ethylhexyl) carbazole (TCz1)/Ca:Al with efficacy up to 10.63 cd/A are presented. HPhP provides blue emission with a peak wavelength at 445 nm. The layer of TCz1 acts as an electron-transporting layer. In the framework of density functional theory (DFT) approach the geometry configuration and energy levels of HPhP are found being in a good agreement with spectral and cyclic voltammogram data.
Introduction
One of the key steps towards the development of efficient organic light-emitting diodes (OLED) relies on the choice of a suitable organic emitter. This material has to form thin homogeneous amorphous films, whilst avoiding forming various uncontrollable complexes (charge transfer complexes, exciplexes, etc.) with neighbouring molecular layers and electrodes to prevent exciton quenching. In addition it should exhibit a high luminescence quantum yield [1] . Usually, OLEDs based on organic materials emitting in the blue spectral region still suffer low levels of efficacy and short lifetimes as compared to those emitting in green and red. Blue emitting materials have a wide forbidden gap [2] , making it difficult to inject charge carriers from electrodes [3] . Moreover, such materials are relatively unstable under applied electric field and atmospheric factors [4] . Blue emitting OLEDs have been extensively studied for the last ten years and a lot of new high performance molecules have been proposed based on different approaches [2, [5] [6] [7] [8] [9] [10] . However, the performance characteristics are still lower than for green and red emitting OLEDs, and the search of new efficient blue lightemitting materials is still urgent and essential.
In this context, pyrazoline derivatives with good luminescence properties (with solution photoluminescence quantum yields up to 60-70%) [11, 12] can be of interest for the application in OLEDs. Typically, small molecules show tendency of crystallization, which decreases the lifetime and luminescence capability of OLEDs. 1,3,5-Triphenyl-4,5-dihydro-1H-pyrazol with phenyl group in position 5 of pyrazoline ring was found to form stable amorphous films by vacuum deposition [13] . A nonplanar molecular structure essentially prevents crystallization and thus decreases degradation of electroluminescent structure [14, 15] . It was also reported [15] that the use of 2,6-di-tert.-butyl-4-(2,5-diphenyl-3,4-dihydro-2H-pyrazol-3-yl)-phenol (HPhP) (Fig. 1 (left) ) as a hole-transporting layer results in the suppression of degradation processes in OLED under atmospheric factors. The aim of this work was to study the possibility of application of HPhP as a light-emitting layer in the OLED structure.
Experimental
2,6-Di-tert.-butyl-4-(2,5-diphenyl-3,4-dihydro-2H-pyrazol-3-yl)-phenol (HPhP) [15] and 3,6-di(9-carbazolyl)-9-(2-ethylhexyl)carbazole (TCz1) (Fig. 1 (right) ) [16] correlation B3LYP functional with the average account of the exchange interactions contribution and with basis set 6-311G(d), which suffices for good correlation of the theory and experiment for molecules of such size. The calculations on the cationic species were performed using the unrestricted B3LYP formalism. Standard boundary conditions and algorithm were applied [17] . From ground state geometry singlet excited states energies and oscillator strengths of transitions were calculated by time dependent (TD DFT) (using B3LYP functional and 6-311G(d,p) basis set) providing wavelengths for the majority of important transitions of the conjugated molecules. Transition condition reference was based on the excitation giving the basic contribution. Vertical electronic transitions spectra of the molecules were simulated using GaussSum 2.2 program [18] . Maxima in the computed spectra can be compared easily with the experimental data. Vertical ionization potential (IPv) values were also calculated as the energy difference between the energy of the cation in the neutral geometry and the neutral molecule in the neutral geometry; and adiabatic potentials (IPa) as the difference between the cation in the relaxed cation geometry and the neutral molecule in neutral geometry.
Using HPhP, a multilayered light-emitting structure ITO/CuI(12 nm)/HPhP(25 nm)/TCz1(14 nm)/Ca:Al was fabricated. Its energy diagram is presented in Fig. 2 . Copper iodide (CuI) was used as the hole injection layer [19, 20] . 3,6-Di(9-carbazolyl)-9-(2-ethylhexyl)carbazole (TCz1) served as the electron-transporting layer. The choice of this material was based on its relatively high electron mobility (2 × 10 −4 cm 2 /V s) [16] exceeding by one order of magnitude the value of hole mobility, high thermal stability [16, 21] , and good energetical compatibility with Ca electrode (Fig. 2) [22] . The device was fabricated by means of vacuum deposition onto a precleaned ITO coated glass substrate under vacuum of 10 −5 Torr. The thickness of the CuI, HPhP, and TCz1 layers was measured by ellipsometry technique [23] . For photoluminescence and absorption spectra measurements, the organic films were thermo vacuum deposited on quartz substrate. Absorption spectra were recorded with a Shimadzu UV-2450 spectrophotometer. Photoluminescence measurements were performed with a CM 2203 fluorimeter. The current density-voltage-luminance (J-V-L) characteristics and electroluminescence (EL) spectra were measured using a Programmable Test Power LED300E, Spectrometer HAAS-2000, and an integrating sphere (d = 0.3 m). It is well known that nowadays there are two different methods to determine the external quantum efficiency and other data of OLEDs. The first method, which is called the 'luminance-conversion method', evaluates the absolute luminance of a device using a conventional luminancemeter, and then converts luminance values into photon numbers. This method assumes a Lambertian emission pattern for perfect surface emitters, and is the simplest and widely used. However, far not all OLED emission patterns can be approximated with a simple Lambertian behaviour because of interference and other effects in the OLEDs. The second method, which is called the "direct-measurement method", directly evaluates the total absolute emission intensity of a device with a small emissive surface using calibrated photosensitive detectors. To accurately measure the absolute emission intensity, integrating spheres are often used. The direct external efficiency measurement method with integrated sphere was found to be more precise and useful as compared with usual luminance-conversion method [23] . For this reason we carried out measurements in an integrating sphere.
The measurements of cyclic voltammograms were carried out at a glassy carbon electrode in dichloromethane solutions containing 0.1 M tetrabutylammonium perchlorate as electrolyte and Ag/AgNO 3 as the reference electrode. Each measurement was calibrated with ferrocene.
Results and discussion
To estimate the geometry and energy levels of HPhP and to check their matching with those of the neighbouring materials, calculations of molecular characteristics by means of a software package of quantum-chemical calculations (Gaussian 03) within the framework of the density functional theory (DFT) [24] were carried out. DFT and its time-dependent extension (TD-DFT) have emerged in recent years as a reliable standard tool for the theoretical study of geometrical and electronic properties of long conjugated organic molecules [25, 26] . It is particularly useful in the studies of excited states.
The optimized molecular structure of HPhP is presented in Fig. 3 . The studied molecule was found to be non-planar, hence capable to form stable amorphous films. The calculated spectrum for HPhP molecule (Fig. 3) has the similar shape and maxima compared to the experimental result [15] . The calculated band gap of the free HPhP molecule is ca. 3.7 eV (comparable with the experimental value of ca. 3.45 eV) with the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of −5.048 and −1.347 eV, respectively. The experimental HOMO (5.085 eV) value (see Fig. 4 ) was found to be in good coincidence with calculations. The main orbitals (Fig. 3) show rather typical changes in the electron density distributions. Vertical ionization potential of free molecule is 6.192 eV and adiabatic one is 6.054 eV. The calculated data were used in OLED energy diagram (Fig. 2) .
Absorption (curve 1) and photoluminescence (curve 2) spectra of the structure HPhP/TCz1 are presented in Fig. 5a . The absorption spectrum has two maxima at 342 and 366 nm as a result of the superposition of absorption by TCz1 and HPhP. These maxima correspond to the vibronic bands of the first electron transition (S 0 -S 1 ) of single carbazole moiety [21, 27] and pyrazoline ring [15, 28] . Photoluminescence spectrum of the structure HPhP/TCz1 (Fig. 5a, curve  2) is also a superposition of the luminescence spectra of TCz1 and HPhP. The shortwave shoulder in the region of 380-420 nm can be explained by vibronic transitions in TCz1 [16] . The long-wave maximum belongs to LUMO-HOMO radiative transition in HPhP molecule.
In contrast to photoluminescence spectrum the electroluminescence spectrum of the structure ITO/CuI/HPhP/TCz1/Ca:Al (Fig. 5b) is characterized by only a single maximum ( max = 445 nm), which corresponds to HPhP photoluminescence maximum confirming the fact that radiative recombination of charge carriers occurs only within HPhP layer, and TCz1 layer acts only as an electrontransporting one. No spectral shift has been observed with current density changes. Electroluminescence is also characterized by a narrow spectral distribution (spectral halfwidth is 75 nm), which is lower than the typical value. For the considered structure, the obtained colour CIE coordinates (0.175, 0.11) correspond to pure blue colour. It is worth of noting that, in contrast to TCz1, the attempts of using conventional electron transporting Alq 3 layer with HPhP resulted in typical green emission of Alq 3 [15] .
The current density-voltage curve of the device shows a turnon voltage V on of 9.4 V (Fig. 6a) , which is rather high. Commonly, threshold voltage is determined by the structure thickness, film conductivity and injection barriers. The first two parameters are favourable in this structure (low thickness, good conductivity), however the injection barrier for holes is rather high as it is evident from Fig. 2 . The maximal brightness of 1450 cd/m 2 is observed at 15.5 V (Fig. 6a) . The bias increasing results in the reduction of the device brightness, followed by structural degradation. Fig. 6b shows efficacy of ITO/CuI/HPhP/TCz1/Ca:Al electroluminescent structure. It can be noted, that organic layers are rather thin and do not essentially affect the performance due to optical effects. The maximal ratio of the brightness (1035 cd/m 2 ) to the current density (9.74 mA/cm 2 ) gives an efficacy level as high as 10.63 cd/A. This value is high for blue emitting fluorescent materials [2, 6] . The reason of such efficacy is apparently raised from 3 times lower current densities at the same brightness as compared to typical devices. Low currents are observed in our electroluminescent structures containing only HPhP molecules used both as transporting (see [15] ) and luminescent material. Thus, the observed efficacy value is determined by HPhP molecule. It can be supposed that OH-group in this molecule not only improves the device stability, but also affects a charge transporting or recombination properties, though OH-group is not involved in HOMO-LUMO transition (see Fig. 3 ). Actually, recombination zone of ITO/CuI/HPhP/TCz1/Ca:Al structure is located within HPhP layer as compared to ITO/CuI/HPhP/Alq 3 /Ca:Al diode owing to higher TCz1 electron mobility [16] and gap than that of Alq 3 . On the other side, optical properties of HPhP and PhP molecules are almost the same, but currents in OLEDs are very different [15] . Thus, it can be supposed that the reason of higher efficacy of HPhP based OLEDs is better balance of charge carriers or recombination conditions. We can notice that one of the last efficiency values for fluorescent OLEDs is as high as 9.4% [6] and exceeding theoretical predictions. Thus, many processes in OLEDs are not fully studied yet and this interesting question is still under study.
Conclusion
In conclusion, we have developed blue OLED with the configuration ITO/CuI/2,6-di-tert.-butyl-4-(2,5-diphenyl-3,4-dihydro-2H-pyrazol-3-yl)-phenol(HPhP)/3,6-Di(9-carbazolyl)-9-(2-ethylhexyl) carbazole (TCz1)/Ca:Al which exhibits an emission peak at 445 nm and colour CIE coordinates of (0.175, 0.11) with a high efficacy of 10.63 cd/A. We have demonstrated that light emission is observed from HPhP layer, whilst the layer of TCz1 acts as the electron transporting layer. The HPhP geometry configuration and energy levels have been found in the framework of DFT approach, which are in agreement with available experimental data.
